Historically, investigations of how organisms' investments in immunity fluctuate in 21 response to environmental and physiological changes have focused on seasonally breeding 22 organisms that confine reproduction to seasons with mild environmental conditions and abundant 23 resources. Consequently, knowledge of how harsh environmental conditions and reproductive 24 effort may interact to shape investment in immunity remains limited. The red crossbill, Loxia 25 curvirostra, is a songbird that can breed on both short, cold and long, warm days if conifer seeds 26 are abundant. This species provides an ideal system to investigate the influence of environmental 27 fluctuations, reproductive investment, and their potential interactions on patterns of immune 28 investment. In this study, we measured inter-and intra-annual immune variation in crossbills 29 across four consecutive summers (2010)(2011)(2012)(2013) and multiple seasons within one year (summer 30 2011-spring 2012) to explore how physiological and environmental factors impact this immune 31 variation. Overall, the data suggest that immunity varies seasonally, among years, and in 32 response to environmental fluctuations in food resources, precipitation, and temperature, but less 33 in response to physiological measures such as reproduction. Collectively, this system 34 demonstrates that a reproductively flexible organism may breed when conditions allow 35 simultaneous investment in survival-related processes rather than at the expense of them. 36
Introduction

40
Many temperate, terrestrial organisms experience extensive seasonal variation in weather, 41 disease potential, and resource availability across the annual cycle. In turn, natural selection 42 favours strategies that balance seasonal allocation to both reproduction and self-maintenance to 43 maximize fitness [1] . Investment in immune function promotes survival by minimizing 44 deleterious effects of pathogens and disease [2] . However, the energy and opportunity costs 45 involved in maintaining immunity can be high [3, 4] . Empirical data suggest that changing 46 environmental conditions (e.g., pathogens, resource availability) strongly influence allocation to 47 immunity [5, 6] . If varying environmental conditions most strongly influence immune allocation, 48 then investment in immunity would vary significantly both within and between years according 49 to prevailing conditions (sensu Hegemann et al. [7] ). However, organisms may also modulate 50 immunity in direct response to an energy trade-off with competing processes such as 51 reproduction, migration, or plumage/pelage moult. These trade-offs would result in consistent, 52 cyclical patterns of immune investment that would vary little between years (sensu Hegemann et 53 al. [7] ). 54
Effects of varying environmental conditions and competing physiological processes on 55 immune investment are not mutually exclusive, and our ability to quantify the relative 56 contributions of these effects has been limited by both experimental methodology and study 57 systems. Previous research on seasonal variation in immunity has focused on small mammals 58 [8] , with studies of birds focusing only on single stages of the annual cycle [6] , and generally 59 finding that investment in immunity decreases during reproduction (e.g., [9, 10] ), moult [11, 12] , 60 migration [13] [14] [15] , and winter [16, 17] , but there are notable exceptions to this trend [6, 18] . A 61 few studies have examined modulations in immunity across multiple annual cycle stages. 62
Whereas components of immunity like microbial-killing ability were reduced during breeding in 63 house sparrows (Passer domesticus) [19] , complement activity, natural antibody levels, total 64 immunoglobulin levels, and antibody response to multiple foreign antigens were higher during 65 breeding in house sparrows [19] , great tits (Parus major) [20] , and skylarks (Alauda arvensis) 66 [7] , when compared to birds caught during moult and winter. These results suggest that 67 significant seasonal variation in immune investment depends on concurrent investment in 68 processes like reproduction and plumage moult. However, disentangling environmental from 69 physiological effects on immune investment requires sampling across multiple years. The few 70 studies that have examined interannual variation in immune investment demonstrated significant 71 interannual variation in metrics of constitutive immunity (complement activity, natural antibody, 72 and haptoglobin levels) in skylarks [7] and seven species of Galápagos finches [21] , suggesting 73 that annual variation in environmental conditions may contribute to variation in immunity. 74
However, these studies of long-term temporal variation have not focused on causal mechanisms 75 of the observed patterns. 76
Nearly all previous research on this topic has focused on seasonal breeders that perform 77 most demanding annual cycle processes during high resource availability and benign 78 environmental conditions, making it difficult to identify the relative importance of environmental 79 and physiological factors in determining investment in immunity [5, 6] . As such, more studies 80 are needed on free-living vertebrates across multiple seasons within a year, and across multiple 81 years, to better understand the factors underlying seasonal differences in immunity. Further, 82 investigating these questions in organisms whose reproduction is facultative across a wide range 83 of environmental conditions will facilitate a more direct assessment of how physiological 84 demands and environmental fluctuations influence the evolution of life history-related 85 investments in immunity. 86
Here we present a multiannual study of a songbird, the red crossbill (Loxia curvirostra), 87 that breeds both in summer and winter if food (i.e. conifer seeds) is sufficiently abundant [22] . 88
We quantified the relative importance of environmental (e.g., ambient temperature and food 89 availability), and physiological (e.g., breeding and integument moult) variables to immune 90 investment and examined intra-and inter-annual variation in multiple measures of immunity in 91 free-living red crossbills. Constitutive immunity was measured as an important first-line of 92 defence against invading pathogens; its consistent production costs may underlie physiological 93 trade-offs [6, 23] . Specifically, we quantified 1) complement and natural antibody levels via the 94 hemolysis-hemagglutination assay [24] ; 2) acute-phase protein concentrations (haptoglobin 95 analog PIT54 in birds) [25] ; and 3) the relative abundances of circulating leukocytes. 96
For model construction, we employed a two-tiered approach for each response. We first 97 used a suite of random forest models (RFMs) for variable selection [26, 27] , allowing us to 98 identify putative predictors that warranted further exploration. The RFM is a non-parametric 99 model formulation that embeds fewer assumptions than traditional linear models (LMs), 100 facilitating estimation of nonlinear effects and high-order interactions. RFMs, however, lack the 101 familiarity and robust inference framework of LMs. As such, we used the variables selected by 102 each RFM to build a corresponding LM. We used the resulting LMs to examine the effect of 103 these putative predictors, including environmental and physiological covariates, and other 104 covariates known to affect immune variation in other systems (e.g., sex and age, reviewed in 105 Adelman [18] ). This approach allows us to highlight the relative contribution of temporal and 106 environmental variables to annual and seasonal variation in immunity. 107
Materials and Methods
108
Field Methods
110
STUDY SPECIES AND SITE: Red crossbills (Loxia curvirostra) are nomadic, reproductively 111 flexible passerines that eat mostly conifer seeds, the availability of which varies dramatically in 112 space and time [22, 28, 29] . In years with abundant cone crops, crossbills can breed nine months 113
of the year, with potentially multiple broods per year, despite thermal challenges and short days 114 in some seasons [30] [31] [32] . Crossbills are categorized as "seasonal opportunists;" while they are 115 more behaviourally flexible than seasonal migrants, they also exhibit seasonal cycles of 116 migratory physiology, reproduction, and moult that are not principally predicted by variation in 117 food supply [33] [34] [35] [36] . 118 Data were collected from free-living red crossbills from 2010-2013 around Grand Teton 119 National Park, Wyoming, USA (N 43° 45', W 110° 39'), a montane temperate-zone environment 120 with large seasonal fluctuations in day length, food availability, temperature, and precipitation 121 ( Fig. 1A , C, D). Crossbills were sexed and aged using plumage and skull as described in Pyle 122 [37] . At this site, red crossbill abundance fluctuates from year-to-year and is related to the cone 123 crop size on dominant conifers [32, 38] . The dominant conifers used by crossbills here are 124 lodgepole pine (Pinus contorta), Douglas-fir (Pseudotsuga menziesii), Engelmann spruce (Picea 125 engelmannii), and blue spruce (Picea pungens). Ten described vocal "types" of red crossbills can 126 be categorized into four classes by body size and bill morphology [39] [40] [41] . These morphological 127 0700 and 2000 hours with a median elapsed time from capture to sampling of 3.73 minutes 139 (maximum of 60 minutes) to minimize potential effects of rising glucocorticoids [44] [45] [46] . Blood 140 samples were held on ice for no more than seven hours before centrifuging (10 min at 10000 141 RPM, IEC clinical centrifuge) and separated plasma was stored at -20°C until immune assays 142 were performed. Percent packed cell volume (hematocrit) was measured in all birds except those 143 captured during summer 2010. 144 callipers from the abdomen to the cloacal tip; this measure correlates to testis length in free-147 living male red crossbills [33] . For females, the brood patch was scored as 0 (a dry, fully 148 feathered breast), 1 (loss of feathers, no vascularization), 2 (loss of feathers with mild oedema 149 and/or vascularization), 3 (loss of feathers, full oedema/vascularization), or 4 (bare and wrinkly 150 breast, post full oedema); brood patch scores of >0 significantly predict crossbill ovary condition 151 [33] . 152 PLUMAGE MOULT INTENSITY: Pre-basic moult occurs seasonally in red crossbills November) and may be arrested during summer breeding [22, 35] . The primary flight feathers 154 grow sequentially from wrist to wingtip [47] , and the number of actively growing feathers was 155 defined as primary or flight feather moult intensity. Contour feather (body) moult was scored by 156
Physiological Measures
surveying the entire body and rated on a scale of 0 (no pins or sheaths present), 1 (light: few 157 pins, growing or sheathed feathers in one tract), 2 (medium: ~10-20 pins, growing or sheathed 158 feathers in multiple tracts), and 3 (heavy: many pins, growing/sheathed feathers across multiple 159 feather tracts) [47] . Latitude: 43.662° N Longitude: 110.712° W) ( Fig. 1D ). By subtracting the daily minimum 179 (Tmin) from maximum temperatures (Tmax), we calculated the temperature difference (Tdiff) 180 for each capture day to compute diurnal temperature range, which can vary substantially in a 181 montane environment. Minimum and maximum daily temperature were highly correlated; we 182 thus omitted maximum daily temperature and only included Tmin, which in this climate would 183 have a greater impact on thermoregulatory demand, and Tdiff for subsequent analyses. 184
As organisms can respond to environmental conditions over a range of time scales, we 185 also computed rolling means for each weather variable over a range of ecologically plausible 186 window lengths (R package zoo, rollapply function, right-aligned, NAs omitted). For each 187 window length and combination of (predictor x weather), the Spearman correlation coefficient 188 was computed (Table S5 , Fig. S9 ). For each weather predictor and window length, (absolute) 189 correlation coefficients were averaged across responses; the window length with the maximum 190 mean correlation was used for subsequent analysis (Table S5 ). This method allowed us to 191 account for delayed response between environmental drivers and ecological responses, while 192 maintaining a parsimonious and non-parametric approach to data processing and variable [52]: EMS scored all seasons except for summer 2012 which was done by D. Jaul, who was 216 trained by and calibrated against EMS. Leukocytes were detected across 100 microscope "fields" 217 or approximately 10,000 erythrocytes and reported as the number of leukocytes/number of fields 218 scored. We also calculated the heterophil to lymphocyte ratio [53] , and the relative proportion of 219 the each leukocyte type [54] . Eosinophil, heterophil, basophil, and heterophil to lymphocyte ratio 220 models had poor predictive value; we only report results from overall leukocytes (WBC), 221 lymphocytes (Lymp) and monocytes (Mono). 222
Statistical Analyses: (Table S3 ): environmental (cone year, rolling-mean of daily 228 minimum temperature (Tmin), Tdiff, and precipitation (Precip)); physiological (CP length/BP 229 score, primary and contour feather moult intensity, hematocrit score, residual body mass score, 230 and composite fat score); intrinsic (age, sex, vocal type); and sampling-related (capture location, 231 time of day, and time elapsed between capture and blood sampling). We first used random forest 232 models for variable selection, and then constructed linear models for statistical inference using 233 the previously selected variables [56] . 234 STATISTICAL MODELS: Owing to data limitations, we separated data sets into two groups 235 based on observation timing: yearly (summer, cone years 2010-2013) and seasonal (summer and 236 fall 2011, winter and spring 2012 i.e. cone year 2011); see "Delineation of Season" in Methods 237 for date ranges. We constructed models within each group, including sampling period (cone year 238 or season, respectively) as a predictor in the relevant model. 239
For each combination of (time x measure), we constructed an unbiased random forest 240 model (RFM) (R package party, [57] [58] [59] ) including all measured covariates (Table S3 ). For each 241 RFM, we computed variable importance (mean decrease in accuracy after permutation).We 242 identified covariates with negative variable importance and removed them from further 243 consideration, and then refit the model using the remaining covariates. We repeated this process 244 three times, so that the remaining predictor variables show a consistent statistical association 245 with the given immune measure. An adjusted goodness-of-fit (R 2 ) of each final RFM was 246 assessed by first predicting the model's response using out-of-bag (OOB) observations; sum of 247 squared residuals (SS Resid ) were computed, with R 2 = 1-(SS Resid /SS Total ), which was then adjusted 248 for sample size and number of covariates using an approximate Wherry formula (Table S4) . 249
For each combination of time x immune measure, we then constructed a linear model 250 (LM) that including all covariates with positive variable importance from the final RFM (above). 251
A logistic GLM was used to model Lysis (0= no hemolysis, 1= non-zero hemolysis), which we 252 refer to simply as the Lysis LM. For each LM, we report Type II ANOVAs for each predictor, 253 and an overall model p-value. 254
Due to multicollinearity among variables in the model (Fig. S8) 
Results
265
Hematocrit, vocal type, and all sampling-related variables (capture location, time of day, 266 and time elapsed between capture and blood sampling) had negative variable importance for all 267 immune parameter RFMs and thus were eliminated from subsequent LMs due to their negligible 268 predictive value. Overall variable importance varied widely between models; for yearly models, 269
only cone year was consistently high, while for seasonal models variable importance was 270 consistently positive only for Tmin and season. For both yearly and seasonal models moult, 271 covariates with consistently low variable importance include fat, reproductive condition, sex, and 272 age (Fig. S1) . 273
Overall fits of final models (i.e., adjusted R 2 s) were generally higher for LMs than RFMs 274 (note, however, that RFM results are not directly comparable to LMs), though their magnitudes 275 broadly agree within each response and time (Table S4 ). WBC displayed consistently poor fits 276 for both yearly and seasonal models; the yearly PIT54 model also displayed poor fit (Table S4) (Table S4) . 280
Interannual variation: Cone year had the highest variable importance in all yearly RFM 281 models ( Fig. S1 ) and the corresponding LMs revealed cone year as a significant predictor of 282 annual variation in complement (Lysis), natural antibodies (Agglut), PIT54, total leukocytes 283 (WBC), lymphocytes (Lymp), and monocytes (Mono) ( Tables S7-12) . 284
In addition to cone year, other covariates with positive variable importance within annual 285 RFMs include age, sex, reproductive condition (CP length and BP scores), temperature 286 difference (Tdiff, 8 days prior to and including day of capture), minimum temperature (Tmin, 287 within a day of capture), precipitation (Precip, 32 days prior to and including day of capture), 288 body condition (R.mass), body and flight feather moult intensity, and fat scores (Fig. S1 ). In the 289 LMs, flight feather moult (Ff) and Tdiff were identified as important predictors of annual 290 variation in complement and total WBC, respectively (Table S6 -7, S12). Fig. 2A, S5) . The relationship between cone crop and monocytes and 298 lymphocytes was not linear; highest and lowest levels of lymphocytes and monocytes, 299 respectively, occurred in 2013, a mid-level cone year (Figs 1B, 2A, S5) . 300
Seasonal variation: Season consistently showed positive variable importance in RFMs 301 predicting total leukocytes, lymphocytes, monocytes, natural antibodies, PIT54, and complement 302 ( Fig. S1 ), Monocytes and lymphocytes displayed the most substantial seasonal fluctuations, with 303 extremes in autumn, when lymphocytes were the lowest and monocytes the highest (Fig. 2B,  304 Tables S10-11). 305 Ambient temperature (Tdiff, Tmin), precipitation, body condition, contour and flight 306 feather moult had positive variable importance in the RFM predicting seasonal variation in 307 complement ( Fig. S1 ). Of these variables, Tdiff, Precip, and R.mass were identified in the LM as 308 being most related to complement (Tables S6-7) . Specifically, these variables were positively 309 related, suggesting that crossbills had higher complement when they were in better condition, or 310 precipitation or ambient temperature were higher. Ambient temperature (Tmin and Tdiff), body 311 fat, and reproductive condition had positive variable importance in the RFM predicting seasonal 312 variation in natural antibodies (Fig. S1 ). In the corresponding LM, only Tdiff was weakly, 313 negatively related to natural antibodies within the LM (Tables S6, S8 ). Precipitation, body 314 condition, fat, and ambient temperature (Tmin, Tdiff) had positive variable importance in the 315 RFM predicting seasonal variation in PIT54 (Fig. S1 ). Precipitation, body condition, and Tdiff 316 were most related to PIT54 in the LM (Tables S6, S9 ). These variables were positively related, 317
suggesting that birds in better body condition or sampled subsequent to period of greater 318 precipitation, temperature have higher PIT54 concentration (Table S6) . 319
Precipitation, ambient temperature (Tdiff, Tmin), flight feather and body moult, sex, age, 320 reproductive condition, and body condition all had positive variable importance in RFMs 321 predicting seasonal variation in total leukocytes, lymphocytes, and monocytes (Fig. S1 ). While 322 only Tdiff was a substantial contributor to seasonal WBC variation (Table S6 , S12), ambient 323 temperature (Tdiff, Tmin), precipitation, and flight feather moult rank highly in LMs predicting 324 seasonal variation in monocytes and lymphocytes (Table S6 , S10, S11). Taken together, 325 temperature was positively related to total leukocytes and monocytes, whereas precipitation and 326 temperature were negatively related to lymphocytes. 327
Discussion
328
We observed significant interannual variation in natural antibodies, complement, total 329 leukocytes, monocytes, lymphocytes, and PIT54 concentrations among four consecutive 330 summers (2010) (2011) (2012) (2013) (Figs 1, 2A) , however model fit for PIT54 and total leukocytes was poor 331 (Table S4 ). Concurrently, the size of the cone crops of important conifer species (Figs 1C, S3-4) , 332
which are primary food resources for crossbills, demonstrated significant annual variation, that 333 may be driven, in part, by past climatic conditions [67, 68] . This annual variation in cone crop 334 during our study corresponded to the modulation of several immune measures. Complement and 335 total leukocytes were higher when cone crops were larger, whereas natural antibodies and acute 336 phase proteins (PIT54) were higher when cone crops were smaller. Higher levels of natural 337 antibodies when cone crops are small may reflect investment in "low-cost" immunity when 338 resources are limiting [69] . In contrast, higher levels of PIT54 and lower levels of other immune 339 measures (i.e. complement and total leukocytes) when food resources are low could indicate a 340 trade-off within the immune system to favour higher-cost, more rapid immune defence [70] . 341
Further, this suggests that the overall costs of constitutively maintaining higher levels of 342 protective proteins and cells is higher than occasionally inducing an expensive inflammatory 343 response. While PIT54 was, on average, lower in cone years with large cone crops, it was higher 344 in lower cone years, which could alternatively reflect an activated immune system due to 345 infection or inflammation. However, because we do not have repeated samples from individuals, 346 it is difficult to ascertain if the higher levels of PIT54 indicate inflammation or are actually 347 within the normal range of the individual. 348
Seasonal variation in crossbill immune activity was detected by examining modulations 349 within birds sampled across a single cone year (summer 2011-spring 2012), corresponding to the 350 entire annual cycle of one large, cumulative cone crop. Within this year, there was seasonal 351 variation in natural antibodies, complement, PIT54, and total leukocytes, monocyte, and 352 lymphocytes ( Figs 1B, 2B) , however model fit for total leukocytes was poor (Table S4) . 353
Ambient temperature and precipitation were consistent predictors of this variation: larger 354 differences in minimum and maximum daily temperature (Tdiff) were positively related to 355 complement, PIT54, and total leukocytes and negatively related to natural antibodies. 356
Alternatively, this overall increase in immune investment could be linked to a higher probability 357 of disease and infection during the summer months, when Tdiff was overall higher. For example, 358 red crossbills have higher Haemoproteus infections in the late spring and summer than other 359
times of year [43, 71] , and this was significantly related to total leukocyte counts [43] . 360
Cumulative exposure to precipitation, when measured 32 days prior to and including day 361 of capture, was strongly and positively related to PIT54. This may be driven, in part, by higher 362 precipitation in the form of snowfall during winter months (Fig. S2 ). Higher levels of the acute 363 phase C-reactive protein have been found in human populations during winter months [72], but it 364 is difficult to determine the precise mechanism explaining this relationship between snowfall and 365 PIT54. It is possible that higher PIT54 in crossbills indicated an activated immune system due to 366 increased risk of infection or inflammation that was due to or exacerbated by a challenging 367 thermal and foraging winter environment [73] . In support of an activated immune system, 368 complement was also positively related to precipitation. However, in contrast, body condition 369 related positively to PIT54, suggesting that either PIT54 is not reflective of immune challenge or 370 infection did not cause reduced body condition. PIT54 was also higher during years of low cone 371 supply and may be a favoured immune investment when resources are limited or conditions are 372 challenging. Evidence pointing to a relationship between condition and immune investment in 373 free-living organisms is mixed, with research suggesting no relationship between body condition 374 and specific antibody response in mallards (Anas platyrhnchos) [74] , and other work showing 375 that elk (Cervus elaphus) in poor nutritional condition invest more in constitutive immune 376 measures [75] . 377
Although "costly" physiological processes such as reproduction and moult can affect 378 immune investment [9, 11, [76] [77] [78] , our data only weakly supported this prediction. While both 379 plumage moult intensity and reproductive measures were included in RFMs and LMs predicting 380 complement, total leukocytes, monocytes, lymphocytes, and natural antibodies, only flight 381 feather moult displayed any strong relationship with interannual or seasonal variation. 382
Specifically, flight feather moult was positively related to annual variation in complement, and 383 seasonal variation in monocytes. In temperate breeding, northern hemisphere birds, flight and 384 contour moult are generally heaviest during autumn (Fig. S6,[47] ), which in crossbills 385 corresponded to the lowest and highest lymphocyte and monocyte proportions, respectively. 386
Elevated monocyte concentration during moult has also been documented in red knots (Calidris 387 canutus) [79] . Given that feathers erupting through the skin can induce dermal inflammation 388 [80] , and monocytes are phagocytic leukocytes integral to the inflammatory response [52], 389 elevated monocytes during peak moult is not surprising. The decrease in lymphocytes during this 390 same period may indicate a trade-off within the immune system to favour phagocyte-mediated 391 responses rather than cellular and antibody-based immunity. Overall, we are somewhat limited 392 by our sample size during this period: capturing crossbills during moult is especially difficult 393 because more secretive behaviours accompany this stage [81] , despite our large field effort. 394
Although our models did not identify reproduction as a good predictor of annual or 395 seasonal immune variation, we note that the reproductive covariates measured and described 396 here do not represent the total investment or cost of reproduction. Although CP length and BP 397 score are correlated with testes length and ovary condition in crossbills [33] , these measures do 398 not quantify the total reproductive costs incurred by females and males (e.g., egg laying and 399 incubation, provisioning offspring), which are energetically demanding in birds [82] . 400
Reproduction should be even more demanding for crossbills rearing young in winter due to 401 higher energy and thermoregulatory demands. Breeding crossbills in winter show intensive 402 foraging behaviour to meet the combined energy demands of themselves and their incubating 403 mates and growing nestlings (J.M.C. unpublished radio-tracking data which may allow for investment in immunity. However, at least some crossbills still attempt 410 reproduction in low cone years (Fig. S6 ). Finally, crossbills may incur lower overall reproductive 411 costs compared with other seasonal species because they do not defend territories and have 412 relatively small clutch sizes [22] . 413
While our study highlights several proximate causal factors for immune investment, it is 414 likely that some of this variation is in response to changes in photoperiod: a previous 415 experimental study in captive red crossbills found that exposure to long days is sufficient to 416 increase total leukocyte counts and bacterial killing ability [51] . In addition, our characterization 417 of inter-and intra-annual variation in immunity is based on sampling from exclusively summer 418 months and within one cone year, respectively. This sampling limitation means we are unable to 419 fully tease apart environmental and physiological contributors to immunity, particularly because 420 physiological covariates like reproduction, moult, and condition may vary significantly between 421 and within years. In our study, reproduction, fat, flight feather moult, body moult, and condition 422 did vary between and within years, although not substantially (Fig. S6) . Finally, although we did 423 not detect any significant immune variation among crossbill vocal types, our samples were 424 comprised of multiple vocal types and thus potentially different populations of crossbills that 425 could have experienced different environments and pathogens either prior to or after their arrival 426 at our study site. 427
Overall, this study supports previous findings that 1) birds seasonally modulate 428 investment in immunity [19, 20] and 2) investment in immunity changes between years, which 429 has only been documented in two other studies-one on skylarks [7] and one on Galápagos 430 finches [21] . Additionally, this study suggests that investment in immune function (i.e. 431 complement-mediated lysis, antibody-mediated agglutination, haptoglobin/PIT54 concentrations, 432 total leukocytes, monocytes, and lymphocytes) is related to changes in food resources, ambient 433 temperature, precipitation, and plumage moult, and appears to be less related to investment in 434 reproduction or other factors such as age or sex. This supports the hypothesis that crossbills 435 breed when conditions allow simultaneous investment in survival-related processes rather than at 436 the expense of them and agrees with behavioural ecology theories concerning the use of rich 437 patches by highly mobile birds such as crossbills [84] . Finally, this study highlights the need for 438 future studies to sample across multiple years and seasons in order to draw robust conclusions 439 about the seasonality of immunity in wild organisms. For each weather covariate, a rolling mean was used for subsequent analysis (see Table S5 ). Table S4 ).
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